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Factors affecting the efficiency of animal cloning remain to be eluci- 
dated 1 * 2 . Enucleation of recipient oocytes is a critical step in cloning 
ocedures and typically is performed by aspirating a portion of the 
toplasm underlying the first polar body. Enucleation is evaluated 
iing epifluorescence after Hoechst staining for DNA 3 " 6 , which may 
srupt functions of the cytoplast, especially mitochondria 7 , 
mitochondrial DNA in Dolly and other cloned sheep has been 
jjsjpwn to derive exclusively from recipient oocytes'. Not only might 
•evaluation of the aspirated karyoplast portion 5 inadequately reflect 



The state of the cytoplast, it is also time consuming. Here we report a 
^reliable, noninvasive technique for spindle imaging and enucle- 
liion of oocytes using a new microscope, the Pol-Scope 9 . The effi- 
ciency of enucleation was 100%, and only 5.5% of the oocytes' 
gijitochondria entered the karyoplast upon Pol-Scope-directed 
gpmoval of the spindle. Moreover, Pol-Scope imaging of spindles 
iijd micromanipulation did not compromise the developmental 
competence of reconstituted oocytes and cytoplasts. 
if] In mature oocytes, chromosomes are aligned over the metaphase 
gate of the meiotic spindle. Because spindles are highly birefrin- 
pnt 10 , they can be observed directly with a polarized light micro- 
scope 10 - 11 . Observations of spindles are limited by the orientation 
dependence of conventional polarized light microscopy, which 
employs plane- polarized light. Thus spindle fibers with their slow 
axis not oriented appropriately to the plane-polarized light cannot 
be imaged properly. The new Pol-Scope incorporates liquid crystals 
with electro-optical control and software, and employs circular- . 
polarized light to image birefringent structures, regardless of sample 
orientation, thus facilitating quantitative analysis of birefringent 
structures 9 * 12 . Layers of birefringence in the zona pellucida of ham- 
ster oocytes were first reported using this new technology 13 . Pol- 
Scope imaging allows efficient observation of the meiotic spindles in 
oocytes from different mouse strains (C57B6, CF-1, CD-I, and 
B60FI) and golden hamsters (Fig. I). The location of the spindle 
relative to the polar body varied among mouse oocytes, as described 
previously forhamsters", which may explain the suboptimal effi- 
ciency of current enucleation methods using the polar body as an 
indicator. We removed spindles by micromanipulation from oocytes 
collected from CD-I or B6C3F1 mice. In three independent experi- 
ments, 30, 24, and 33 oocytes were enucleated by spindle removal 
using the Pol-Scope (Fig. ID, E, F). Chromosomal DNA, stained 
with Hoechst 33342, was aligned on spindles in all karyoplasts (Fig. 
1G, H). In contrast, no cytoplasts (n = 87) exhibited DNA staining, 




Figure 1. The use of the Pol-Scope for spindle imaging, spindle 
removal-directed enucleation, and reconstrtution of metaphase II 
oocytes. Pol-Scope imaging of meiotic spindles (indicated by arrow) 
in (A) a C57B6 and (B) CF-1 mouse oocyte, and (C) hamster oocyte. 
Removal of spindle from a CD1 mouse oocyte aided by the Pol- 
Scope: The meiotic spindle, indicated by arrow, before (D), during (E), 
and after (F) removal and enucleation with a beveled pipette. 
Confirmation of spindle removal and enucleation by Hoechst stain (10 
ng ml' 1 ) of nuclear ONA for 10 min and fluorescence microscopy: (G) 
Karyoplasts imaged with the Pol-Scope before staining, and (H) 
corresponding karyoplasts showing ONA stain under UV exposure. (I) 
An enucleated cytoplast without nuclear DNA. Reconstrtution and 
development of B6C3F1 mouse oocytes: (J) Couplet of cytoplast and 
karyoplast before fusion and (K) 1 h after fusion, viewed using the 
Pol-Scope. (L) Blastocysts developed from the fused oocytes after 
IVR Bar (A-K) = 30 *im; Bar (L) = 100 urn. 



demonstrating enucleation efficiency with the Pol-Scope of 100%. 
Furthermore, only 5.5% of mitochondria, estimated by integrated 
mitochondrial fluorescence density after MitoTracker Red staining, 
were removed with the karyoplast. 

To investigate further the developmental capacity of cytoplasts 
created under Pol-Scope imaging, we assessed the development of 
parthenogeneticaily activated, reconstituted oocytes collected from 
B6C3F1 mice (Fig. 1J, K). The rate of cleavage and development to 
blastocysts did not differ (P > 0.05) between oocytes reconstituted 
after Pol-Scope-directed enucleation (Spindle NT) and control 
oocytes never subjected to the Pol-Scope imaging and micromanip- 
ulation (Act control; Table I ). Moreover, the total cell number and 
the number of apoptotic cells in developed blastocysts did not differ 
between the two groups (P > 0.05). We also examined the develop- 




Figure 2. Pol-Scope Imaging of metaphase II spindles (Indicated by 
arrowheads) of a bovine oocyte (A) free of zona pellucida and (B) 
wfth zona pellucida Intact. (C) Metaphase II spindle of a human 
oocyte, imaged with the Pol-Scope. 
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Table 1. Parthenogenetic development In vitro of reconst ituted B6C3F1 mouse oocytes* 

Groups Number of Number (%) Number {%) Cell number in blastocysts 

oocytes cleaved blastocysts (means ±s.d.) 

at Day 2 at Day 4 Total Apoptotic 



Spindle NT 
Act control 



68 
79 



61 (90) 
68(86) 



53 (78) 
56(71) 



45.0 ± 7.1 
46.3 ± 7.6 



1.0 ±1.2 
1.0 ±0.7 



"Oocytes derived from spindle and chromosome transfer (Spindle NT) and nonmanipulated, nonimaged 
oocytes (Act control), activated by electroporation followed by 6-DMAP incubation. 



ment of reconstituted oocytes after in vitro fertilization (IVF). A low 
proportion of reconstituted oocytes were fertilized in vitro, probably 
because electroporation-induced fusion affected their fertilizability. 
However, successfully fertilized zygotes cleaved and developed at a 
frequency similar to that of control oocytes that had not undergone 
micromanipulation and imaging (data not shown). The morpholo- 
gy (Fig. 1L) and the cell number of developed blastocysts were com- 
parable to controls. 

As the current efficiency of cloning by nuclear transfer is 
extremely low, and many other factors undoubtedly complicate the 
development of cloned embryos 2 , it was not feasible to test the via- 
bility of the cytoplasts using the nuclear transfer procedure itself. 
Alternatively, we compared the development after IVF of the Pol- 
Scope- imaged versus nonimaged B6C3F1 mouse oocytes. Before 
and during the Pol-Scope imaging, oocytes were incubated in 
HKSOM containing 2 Hg/ml cytochalasin D for 1 h to mimic the 
micromanipulation environment. Results showed that the Pol- 
Scogg-imaged oocytes (n = 77) cleaved (73%) and developed to blas- 
tocy&s (66%) at similar rates (P > 0.05) to those (75% and 70%, 
respectively) of control oocytes (n = 80), without being subjected to 
thefjgol- Scope imaging. To further test the viability of blastocysts 
devgk>ped after Pol-Scope imaging of oocyte spindles and IVF, 47 
blastocysts were transferred into four pseudopregnant CD- 1 foster 
fem^es. In one foster, blastocysts transferred were derived from 
midSmanipulated oocytes under the direction of Pol-Scope, from 
whkh a small amount of cytoplasm, but not the spindle, was 
rerrgyed. All fosters became pregnant and delivered 33 (70%) live 
ofTsgeing. This rate of development to term was comparable to that 
(75g>) of in vivo -developed blastocysts, not exposed to the Pol- 
Scop imaging, in which a total of 108 blastocysts were transferred 
ancU$l healthy pups were produced. Therefore, Pol -Scope imaging 
of ojfcyte spindles did not affect full development of manipulated 
ooqyies and thus is truly noninvasive. The non invasiveness of Pol- 
Scope imaging was not unexpected because the light intensity at the 
specimen was not different from that produced by Nomarski DIC 
optics (-60 uW). 

Our experiments indicate that the Pol-Scope can image noninva- 
sive^ the meiotic spindle and be employe d to achieve an enucleatio n 
efficiency rate of 100% in rodent oocyte s. Moreover, only small 
amounts of cytoplasm, with few mitochondria, are removed with the 
spindle-karyoplast. The remaining cytoplasmic volume is critical for 
further normal development after reconstruction 14 ' 16 . This noninva- 
sive, reliable technique for preparation of cytoplasts should improve 
the efficiency of cloning, and should be especially beneficial for 
cloning of endangered and rare species, who*e donor oocytes are 
especially valuable. Although Nomarski imaging produces a faint 
outline of the spindle and metaphase plate in oocytes from a few 
mouse strains 17 , such optics cannot identify meiotic spindles in most 
species, including sheep, cattle, and pig, and most other mouse 
strains 6,1 *. However, we have been able to image meiotic spindles of 
bovine and human metaphase II oocytes using the Pol-Scope and 
found that the high lipid contents exhibited low birefringence and did 
not interfere with spindle imaging in bovine oocytes using the Pol- 
Scopc (Fig. 2). We also imaged spindles of B6C3F1 mouse oocytes 
(Fig. ID), in which many granule lipids were observed. Latham and 



Solter (1993) suggested that conventional polar- 
ized-light microscopy might be useful for oocyte 
enucleation, but never reported data in support 
of this hypothesis 19 . We not only demonstrate 
here the utility and the noninvasive property o f 
the Pol -Scope to direct enucleation and probab. 
facilitate a new procedure (spindle transfer), but 
we also report the application of the new Pol- 
Scope to provide orientation-independent 
images of the spindle with high resolution. 



Experimental protocol 

Oocyte collection, enucleation, and Pol-Scope imaging. Two- to three- 
month-old mice or golden hamsters were induced to superovulate by consec- 
utive injection of PMSG and hCG. Cumulus-oocyte complexes were collect- 
ed from oviduct ampullae following hCG injection. Cumulus cells wer 
removed from the oocytes by gentle pipetting after mild incubation wu. 
0.03% hyaluronidase in HEPES-buffered potassium simplex optimized 
medium (HKSOM). Denuded oocytes were washed in HKSOM and incubat- 
/ ed in normal KSOM, supplemented with nonessential amino acids 20 , pend- 
f- ing enucleation or IVF. Enucleation of oocytes was performed in HKSOM 
containing 2 Hg/ml cytochalasin D under an inverted microscope (Zeiss 
Axiovert 100TV, New York, NY), equipped with Pol-Scope optics, a liquid B 
crystal control instrument (Cambridge Medical Instrumentatin, Boston 
MA), MetaMorph Pol-Scope Imaging Software (Universal Imaging 
Corporation, Boston, MA), and with Narishige micromanipulators (Tokyo, 
Japan). The working principle and usage of the Pol-Scope has been 
described 12 - 13 . For a baich of oocytes, calibrating the Pol-Scope requires I-] .." 
min. Imaging an individual oocyte spindle requires an average of 14 s. Th* 
computerized retardance image was used to direct removal of the spindle 
(Fig. IB). Mitochondria in intact oocytes, cytoplasts, and karyoplasts were 
labeled with 330 nM MitoTracker Red (Molecular Probes, Eugene, OR) for 15 
min, and images were digitally obtained and recorded. The integrated fluo- 
rescence density was calculated with the MetaMorph software. Staining of 
mitochondria was used to estimate the approximate amount of cytoplasm 
and mitochondria removed. 

In vitro fertilization of mouse oocytes, embryo culture, and embryo 
transfer. In vitro fertilization (IVF) of denuded B6C3F1 mouse ooqtes 
occurred in TYH medium, as described' 5 . After IVF, oocytes were washed an/ 
cultured in 50 u.1 droplets of KSOM under mineral oil at 37°C in a humidifier 
atmosphere of 7% CO> in air. Subsequent cleavage at day 2 (fertilization dav 
defined as day 1 ) and development to blastocyst stage at day 4 were examined. 
Some blastocysts were transferred surgically into uterus horns of pseudo- 
pregnant CD-I foster females that had been mated with vasectomized CD-I 
males three days previously. To establish the efficiency of embryo transfer, 
blastocysts developed in vivo were flushed from uteri of B6C3F1 at day 4 and 
then transferred into CD- 1 fosters, as described above. 

Reconstitution of oocytes by elect rofusion, and oocyte activation. 
Karyoplasts were inserted under the zona pellucida (Fig. ID: j), then recon- 
stituted by elect refusion, induced by a single DC pulse of 1.0 kV cm' 1 for 40 
us in the fusion medium (0.28 M mannitol, added with 0.1 mM MgSO, and : 
mM histidine 4 )- Reconstituted oocytes were activated by electroporation 
with a single DC pulse in the fusion medium, added with 0.1 mM CaCl : . fol- 
lowed by incubation in 5 mM 6-dimethylaminopurine (DMAP) for 2.5 h. 
Oocytes were washed and cultured as above. The TUNEL assay was employed 
to determine apoptotic cells, using the In Situ Cell Death Detection Kit 
(Boch ringer- Mannheim, Indianapolis, IN), and propidium iodide to assess 
the total cell number in developed blastocysts. 
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The increased resistance of various bacteria toward available 
antibiotic drugs has initiated intensive research efforts into identi- 
fying new sources of antimicrobial substances. Short antibiotic 
peptides (10-30 residues) are prevalent in nature as part of the 
intrinsic defense mechanisms of most organisms and have been 
proposed as a blueprint for the design of novel antimicrobial 
agents 1 . Antimicrobial peptides are generally befceved to kill bacte- 
ria through membrane permeabilization and extensive pore-for- 
mation 1 . Assays providing rapid and easy evaluation, of interactions 
between antimicrobial membrane peptides and lipkfbilayers could 
significantly improve screening for substances w\th effective 
antibacterial properties, as well as contribute to the elucidation of 
structural and functional properties of antimicrobial ^pep tides. 
Here we describe a colorimetric sensor in which particles composed 
of phospholipids and polymerized polydiacetyiene (PDAmipids 
were shown to exhibit striking color changes upon interactions 



(P- 3) 

with antimicrobial membrane peptides. The color changes in the 
system occur because of the structural perturbation of the lipids 
following their interactions with antimicrobial peptides. The assay 
was also sensitive to the antibacterial properties of structurally and 
functionally related peptide analogs. 

Phospholipid-PDA vesicles were prepared through sonication of 
the aqueous mixtures of the phospholipid and 10,12-tricosadiynoic 
acid (4:6 niole ratio) at a temperature of -70°C followed by slow cool- 
ing overnight and irradiation at 254 nm (ref. 2). The vesicles exhibited 
an intense blue color due to the alternating conjugated triple 
bond/double bond PDA backbone 3 . Figure 1 shows a portion of a 96- 
well plate \ containing polymerized dimiristoylphosphocholine 
(DMPC)-PBA vesicle solutions into which identical quantities of the 
membrane-associated antibiotic peptides melittin 4 , magainin II 5 , and 
alamethicin 6 , ns well as the soluble neuropeptide hormone PBAN 7 , 
were added separately. These results demonstrate that addition of the 
membrane pentides led to color changes within the vesicle solutions. 
Peptides that ate not expected to bind cellular membranes do not 
induce detectable colorimetric transitions, as shown, for example, in a 
mixture consisting of the vesicles and the neuropeptide PBAN (Fig. 
IE). No colorimetric responses (negative controls) have been detected 
for various other soluble peptides and proteins that generally appear in 
physiological solutions, such as albumin. The different degrees of color 
changes induced by each peptide most likely depend upon their dis- 
tinctive modes of interactions with the DMPC/PDA vesicle interface. 

Previous studies have revealed that biological processes leading 
to structural perturbations at the PDA vesicle interface, including 
ligand-receptor recognition 8 , pH changes 9 , and enzymatic catalysis 2 , 
are responsible for the blue-red transitions occurring in the vesicle 
assemblies. Specifically, the color changes are caused by strains 
induced in the conjugated backbone of the PDA vesicles following 
rearrangements of thependant side chains of the PDA molecules 10,1 '. 
A similar mechanism n\ost likely accounts for the colorimetric tran- 
sitions that occur in the\phospholipid-PDA vesicles following addi- 
tion of the membrane peptides. Binding of the peptides gives rise to 
extensive molecular reorganization within the phospholipid 
domains 8 - 12 , affecting the Structure of the surrounding PDA matrix, 
which results in the blue-red color changes. 

We carried out further experiments to evaluate the sensitivity of 
the technique and the dependence of the color change upon the type 
of phospholipids included wuhin the PDA matrix. Titration curves 
in Figure 2A depict the colorirWtric responses (CR) of the phospho- 
lipid-? DA vesicles as a function of the concentration of melittin. 
The CRs were calculated from tne relative blue and red absorbances 
detected in the UV- visible spectra, and provide a quantitative value 
of the blue-red transitions 8 . The results shown in Figure 2A indicate 
that addition of melittin induced color changes in PDA assemblies 
incorporating DMPC, dimiristoylr)hosphoethanolamine (PE), and 
in mixtures of PE and dimiristoylr\hosphatidylgIycerol (PG), and 
cardiolipin. Low CR was detected updn addition of melittin to pure 
PDA vesicles (no incorporated phospholipids). This residual CR, 
due to nonspecific interactions between the PDA vesicles and melit- 
tin, was treated as a "background" in the\anaiysis of the assay results 
(see discussion below). 

The titration curves (Fig. 2A) demonstrate the applicability of 
the assay using a variety of lipid component. It is important to note 
that PE, PG, and cardiolipin, rather than nhosphocholine deriva- 
tives, are the primary constituents of bacterial membranes 13 . As this 
figure also indicates, the highest coiorimetric Knsitivity to melittin 
is found in PE-PDA vesicles — a result that is most likely due to the 
smaller headgroup of PE, which facilitates easie\ interaction of the 
peptide with the lipid interior. 

The titration curves of melittin (Fig. 2A) reveil that the phos 
pholipid-PDA vesicles could detect melittin evenHn micromoiar 
concentrations (e.g., a CR of <20% would be perceived as a distinct 
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